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mance degraded when the tone task was combined wit" the tracking task and

degraded even more when the tone task was combined with the carrier landing

task. While dual task methodology adequately descrioed gross changes in work-

load, the physiological data permitted much more detailed interpretations and

descriptions of training eff-ts (practice), tone task information processing,

individual differences, and visuomotor task control parameters than was pos-

sible by analysis of secondary task performance. It is concluded that the

physiological method has distinct advantages over the dual task method, due

mostly to the nonintrusive nature and the greater detail of resilts afforded by

the former method.
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I. INTRODUCTION

In complex human-machine systems, one important determinant of performance is

thq ability Lf the operator to perform multiple tasks. An aircraft pilot, for

example, must visually proness information from the instrument panel and sur-

rounding environment, respond to some auditory messages received over the head-

set and not respond to others, and manipulate a number of control devices all

more or less simultaneously. As aircraft have become faster and more respon-

sive over the years, demands on the pilot to respond rapidly and accurately

have obviously increased; also, in combat or other unusually dangerous situa-

tions, emotional stress can seriously interfere with the operator's ability to

make optimal decisions, thus complicating the situation even more.

For these reasons, it is convenient to view the pilot as a highly trained and

specialized biological system whose task is to receive relevant information

through sensory channels, make correct decisions very rapidly, and translate

these decisions into patterns of motor activity which result in optimal control

of the aircraft, Cbviously, there can be situations in which the cognitive

demands (mental workload) on the pilot exceed his or her ability to cope, and

gross performance errors will result. One role of the psychologist is to

analyze the effects of workload on performance with the aim of improving per-

formance and reducing the probability of gross errors. This requires ways to

study workload-performance relationships in situations which pose no actual

threat to life and property while, at the same time, approximating real-life

situations as closely as possible.

Several methods for assessing workload have been developed over the years, but

all have limitations and drawbacks (Wierwille and Williges, 1978). This is so
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for two primary reasons, a) the phenomena under study are exceedingly complex,

and b) in order to determine relationships among workload and performance, the

experimenter must create some conditions in which workload is excessive and

performance decrements are clear, yet this must be done with the restriction

that life and property are not threatened. This leads to laboratory analogs of

actual flight which lack realism to varying degrees.

What is needed are methods of workload assessment which deal with a) as well as

possible but eliminate the requirement of b), that workload be made excessive.

Of the methods currently available, physiological assessment appears the most

adaptable to meeting these needs. While other methods vary workload by

increasing the number and/or difficulty of multiple tasks until performance

decrements are observed, the physiological rethod can be used to monitor the

internal state of the operator under normal task demands. It is convenient to

refer to the former n' thods as "intrusive" since task load is purposely

incre<.d until it intrides upon the operator's ability to perform well. A

related problem is that multiple tasks require multiple motor responses, so it

is frequently not clear whether a performance decrement is due to high mental

workload or response interference (McLeod, 1978).

Ih this context, physiological assessment can be viewed as nonintrusive since

no responses other than those normally emitted by the operator are required.

Workload is quantified, not in terms of secondary task reaction times or error

scores dependent on skeletal motor responses, but in terms of autonomic and

central nervous system responses which reflect variations in physiological

function introduced by variations in workload. The sensitivity of physiologi-

cal responses to variations in mental workload has been demonstrated in a

L _ , ' .... .. ,, - ' - , I .... .. .. .
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variety of tasks including mental arithmetic (Ahern and Beatty, 1979; Kahneman,

Turaky, Shapiro, and Crider, 1969), psychophysical judgements (Lang, Gatchel,

and Simons, 1975), and common laboratory information processing tasks such as

choice reaction time and letter matching (Lindholm, Ruppel, and Buckland,

1979). Heart rate, skin conductance, and pupil size are reported to be consis-

tently related to workload, but pupil size has the disadvantage of being very

difficult to quantify in environments where the head is free to move. A

central nervous system response of great promise in workload studies is the

event rela'-d potential recorded from the surface of the scalp. Lindholm et

al., (1979) reported that components of the event related potential occurring

as early as 200 msec following stimulus onset discriminated task difficilty and

performance in choice reaction time and letter matching tasks. Isreal,

Wickens, Chesney, Donchin (1981) found that the amplitude of a particular com-

ponent, the P300, changed with workload in a task involving the monitoring of a

simulated air traffic control display.

One limitation of the above work Is that the tasks used are simple and tend to

be poor laboratory analogs of real situations (the Isreal et al., report might

be considered an exception), thus it remains to be demonstrated that physiolog-

ieal assessment has utility in more complex situations. Another limitation is

that most experiments have quantified only one physiological variable at a

time, and it is unlikely that phenomena as complex as mental workload can ever

be satisfactorily measured or estimated by a single variable. The Lindholm et

a., study did use multiple physiological measures, but the tasks were not

complex.

This report describes the results of a 30 month effort which is a logical con-
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tinuation of earlier work (Lindholm et al., 1979). As before, multiple

physiological variables are quantified, but the tasks were carefully chosen to

form a close analog to real world situations. The major task is a computer

simulation of landing a Navy A7 aircraft on an aircraft carrier. To simulate

the pilot task of processing auditory information received over the headset,

subjects were required to perform a tone discrimination task either alone or in

combination with the aircraft landing task. Also, another visuomotor control

task (continuous tracking) much simpler than the aircraft landing task was

employed, and subjects performed this task alone or in combination with the

tone discrimination task. In this manner, both dual task and single task para-

digms are represented so that the ability of physiological measures to describe

workload can be analyzed in both paradigms.

II. METHOD

Subjects

Eight males (ages 20-22 years) were recruited from the on-campus Air Force ROTC

program. None had ever piloted a jet aircraft. Two subjects did not complete

the experimental procedure and their data were not analyzed. The remaining 6

subjects are designated by the letter codes B,C,D,E,F, and H.

Apparatus

Computer and peripherals- A digital Equipment Corporation PDP 11/34a computer

with 112,000 words of MOS memory was programmed to control all phases of the

expe'iment. Important peripherals included a Digital Equipment Corporation

VT-11 video display, an ADAC 12 bit 16 channel analog to digital (A/D) con-

verter and a 2 channel digital to analog (D/A) converter. Pertee and Control

Data Corporation magnetic disk systems were used for on-line storage, and

Pertec magnetic tape systems for off-line data storage. Tone stimuli were

i e
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generated by a Wavetek voltage controlled oscillator which was driven by one of

the computer D/A outputs. A Beckman Type 411 6-Channel Dynograph was used to

amplify and condition all physiological signals; the high level outputs of the

Dynograph served as inputs to the A/D converters.

Subject booth- The VT-11 display was placed on a shelf 68 cm above the floor of

an electrically shielded booth the inside dimensions of which were 1.2 meters

long by 0.8 meter wide by 1.7 meters high. The booth also contained a chair in

which the subject sat, and affixed to the chair was a full-sized gimbol joy-

stick of the type found in older multi-engine aircraft. The joystick was modi-

fied with small gears and shafts so that movements of the joystick rotated the

shafts of two potentiometers, one for left-right movements and one for back-

forth movements. Lantern batteries were connected across the potentiometers

and the voltage outputs from the wipers were fed to two channels of the A/D

converter. In this manner, the full range of possible stick movements was

translated into digital information and made available to the software control

programs. The joystick was mounted in the center and just in front of the

chair; the subject sat with one leg on either side of the stick and grasped the

stick with his right hand. A throttle was mounted on the left side of the

chair but this was inoperative in the present experiments and subjects were so

informed.

Description of Tasks and Scoring Schemes

Tone Discrimination Task- a standard tone of 1500 Hz was presented 10 times at

a repetition rate of once per 3 seconds. Thirty to 45 see later, a series of

24 comparison tones was presented at a repetition rate of once per 5 seconds.

The 24 comparison tones consisted of 6 repetitions of 4 tones (1000, 1250,
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1750, and 2000 Hz) presented in random order. In all cases, tone duration was

200 msecs and loudness was 65 dB. Subjects were instructed to listen to the

reference tone series, then to respond as rapidly as possible to the comparison

tones that were either higher than the reference tone (respond high condition)

or lower than the reference tone (respond low condition). The response

consisted of spying the word "tone" into a lapel microphone which was fixed in

a harmonica brace worn about the subject's neck. The microphone was adjusted

to within 2 inchts of the subject's lips. Microphone output was amplified by

one channel of the Dynograph and digitized by one channel of the A/D converter.

A software routine monitored this channel and measured reaction times to the

nearest 4 msecs. Failure to respond within 1.5 sec of tone onset was scored as

an error of omission.

Tracking Task- The PDP 11/34 was programmed to present, on the VT-11 display,

an octagon with vertical and horizontal sides of 6.9 cm and angular sides of

8.4 cm as the path to be tracked. Also programmed was a diamond-shaped "bug"

with sides of 0.8 cm which could be "flown" anywhere on the VT-11 screen by

appropriate joystick movements. Pulling back on the stick propelled the bug

toward the top of the screen, and forward movements of the stick produced the

opposite result. Left and right stick movements produced compatible bug

movements, and angular stick movements produced veridical bug movements (e.g.,

pushing the stick forward and to the right would cause the bug to move

simultaneously to the right and toward the bottom of the screen). Rate of bug

movement was a monotonic function of stick displacement. In this manner, the

subject could propel the bug around the octagon path with as much speed and

accuracy as his individual talents permitted.



7

The VT-i' also displayed, in the center of the octagon path, two feedback vari-

ables: 1) Time Remaining, counted down from 120 see in one see decrements, and

2) Laps Completed, which incremented from zero in I/4 lap increments (a lap was

defined as one complete trip around the octagon). Subjects were instructed to

fly the bug around the octagon in a clockwise direction as rapidly as possible

while, at the same time, staying as close to the path as possible. They were

told that their score depended on both accuracy and speed. The score was

computed, on line, according to the following formula: Score= 100 - (100(z)/

(z(M)), where z is the total root mean square deviation of the bug from the

octagon path and M is the number of x-y measurements per 2 min run. Since a

measurement was taken whenever the bug was displaced a fixed distance (1 cm) in

either the x or y plane, M becomes a measure of speed of bug movement.

Carrier Landing Task- This is a complex software package developed for the PDP

11/34 and VT-11 display by personnel at NTEC, Orlando, Florida. Flight

dynamics approximate those of the Navy A7 aircraft. Displayed on the upper 2/3

of the VT-11 is a full length horizon and an aircraft carrier with a wake.

Carrier simulation includes a rudimentary superstructure, bow, stern,

waterline, landing area with centerline, and the Fresnel Optical Landing System

(FOLS). The latter consists of two short horizontal lines located just above

the carrier deck and to the left of the landing area. A small ball located

between the lines moves above the lines if the pilot is too high on approach,

and below the lines if the pilot is too low on approach. The FOLS (also called

the "meatball") is clearly visible from a simulated 4 miles aircraft-to-carrier

distance and becomes more clear as distance decreases.

Displayed on the lower portion of the VT-1I are several cockpit instruments,
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specifically in these experiments, altimeter, vertical speed indicator, atti-

tude indicator, compass, TACAN (station on carrier), and percent engine power.

The throttle was frozen at 87% power in these experiments to simplify the task

and free the left hand for skin conductance measurements. All cockpit instru-

ments, as well as the out-the-window display of the horizon, carrier, and FCLS,

changed in real time as functions of joystick manipulation. Refresh rate was

30 Hz.

Software routines detected, computed, and reported, on line, the following sit-

uations, any one of which froze the display and terminated the flight:

7) Splash- aircraft impacted with water (altitude reached zero feet. Since the

carrier deck had a fixed altitude of 60 feet, splash was not confused with any

of the other situations described below).

2) Crash- Aircraft was over the landing area of the carrier, but either roll

was excessive (greater than 10 degrees, indicating that wingtip struck carrier

deck) and/or vertical speed was excessive (decent rate of greater than 2000

feet per minute was scored as a nosedive into the carrier deck).

3) Bolter- almost a landing, but aircraft attitude was not within limits to

catch one of the four available tail-hook wires. This would occur when the

pilot "bounced" on the deck due to excessive vertical speed (greater than 1000

but less than 2000 feet per minute).

4) Ramp Strike- approach was too low and aircraft struck the stern of the

carrier just below the landing area.

5) Timeout- Pilot got lost, flew in the wrong direction, or missed the carrier

on approach. Timeout occurred after 2-1/2 min of flight; a reasonable approach

and landing required 2 min.

6) Landing- This was the goal of this particular task. A landing meant thatIVt
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the subject performed reasonably well during the approach (thereby avoiding a

splash or timeout) and also made contact with the landing area in a smooth

fashion (thereby avoiding a ramp strike, bolter or crash).

The subjects were released from freeze under the following conditions: alti-

tude of 1550 feet above sea level, heading of 3510, distance to carrier of 3.8

nautical miles, flaps full and gear down, vertical speed of -200 feet per

minute, and a constant 87% power, which resulted in an initial airspeed of 125

knots. With constant percent power, airspeed varied slightly as a function of

aircraft attitude; climbing would reduce airspeed and diving would increase

airspeed. These fluctuations were not great and are considered unimportant to

the correct performance of the task. The initial heading of 3510 was "ideal"

for a straight-in approach; that is, no turns were necessary to line up on the

carrier landing area, and from this it follows that ideal roll should be zero

degrees. Given the starting altitude and distance to carrier, the ideal

descent rate was calculated to be approximately 750 feet per minute vertical

speed, and subjects were so informed.

Scores on this task were divided into two subsets, a total approach score and a

landing score. The approach score was calculated from three flight parameters,

a) root mean square deviations (RMSE) of actual heading from the ideal heading

of aircraft to carrier, b) RMSE of actual vertical speed from ideal vertical

speed, and c) RMSE of actual roll from ideal roll. The RMSE's were then sub-

tracted from 100 so that subjects could be told simply that a score of 100 was

perfect. Negative scores were, of course, possible in this scheme and were

recorded and used in statistical analyses; however, scores reported to subjects

as feedback were restricted to the range of zero to 100. The second subset,
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total landing score, was derived from two parameters, a) lateral offset, in

feet, of the aircraft nose from the landing strip centerline at the time the

landing was made; this value was subtracted from 100 so again, a score of 100

was perfect, and b) which of the 4 tall hook wires was caught. Wires one and

two are nearest the stern and catching these indicated that the approach was

lower than optimal, just above a ramp strike; either of these scored 67 on the

100 point scale. Wire 3 is optimal and scored 100 while wire 4 indicated a

higher than optimal approach (close to a bolter) and scored 67.

The rationale for this scoring scheme was simple: Flying straight toward the

carrier with the proper rate of descent indicated that the subject had the

aircraft well under control and this earned a high score. Conversely, large

deviations on any of these measures indicated poor aircraft control and this

earned a low score. If the flight terminated in a splash, ramp strike,

time-out, or crash, a 50 point penalty was subtracted from the approach score.

A bolter resulted in only a 10 point penalty since the subject did manage to

touch the carrier deck without a crash. In this manner, highest scores were

obtained by a smooth approach combined with a landing. At the other extreme, a

splash soon after release from freeze would earn a score of zero or less. All

Intermediate forms of performance were reflected by a large range of possible

scores which, we believe, represent an interval scale.

Procedurc

Each subject served for 10 hrs and was paid $30. The 10 hrs were distributed

approximately equally over three days, each day separated by 4-8 days.

Day I- the subject was greeted, shown the laboratory, and the three tasks were

explained. Electrodes were placed at the following locations while the experi-
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menters explained what the electrodes were for and encouraged questions from

the subject: a) vertex (Cz) referenced to right mastoid, left mastoid ground,

b) lateral canthus and superior ridge of left eye, for eye movement and blinks,

c) middle finger and back of left hand for skin conductance, d) sternum and

left lateral rib for heart rate. Beckman silver-silver chloride electrodes

were used for all placements; the vertex lead was held with Grass electrode

paste and a gauze sponge, while all other leads utilized the Beckman double

adhesive collars and Beckman electrode cream. Electrode impedance (measured at

30 Hz) was typically less than 5 K-ohms for the vertex and mastoids and less

than 30 K-ohms for the other leads. Dynograph bandpass was set at 5.3 Hz to 30

Hz for the eye and heart channels, 5.3 Hz to maximum for the voice channel, DC

to 30 Hz for the skin conductance channel, and .16 to 30 Hz for the vertex

channel.

The subject wore a light weight junction box around the neck which served to

connect all primary leads to the Dynograph through a connector. Thus, the sub-

ject could disconnect during breaks and move about (visit rest room, get a

drink, stretch their legs).

For all subjects, the first task performed on day 1 was the tone discrimination

task. There were 10 runs of 24 tone trials, 5 respond high and 5 respond low.

The order of respond high and respond low was the same for all subjects

(H,L,L,H,H,LH,L,L,H) and each run was preceded by the 10 presentations of the

reference tone. Following a 10 min break, the second task (tracking task) was

demonstrated by one of the experimenters. Subjects were told that they would

Still hear the tones while they were performing the tracking task, but they did

not have to respond to the tones, indeed, they could ignore the tones com-
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pletely. Their immediate goal was to earn the highest scores possible on the

tracking task. Two practice runs were administered during which no data were

collected, then 10-2 min runs were administered with an inter-run interval of

30-45 sec.

The final session on day 1, which began after another 10 min break, was a com-

bination of tasks 1 and 2; that is, subjects were instructed to perform the

tracking task while, simultaneously, responding to tones either higher or lower

than the reference tone. The sequence of events in this final session of day 1

was as follows: a) Presentation of reference tones in usual manner, b) the

subject was told to respond to tones either higher or lower than the reference

tone and perform the tracking task simultaneously, c) 2 min of combined task,

d) 45 see inter-run interval. With this sequence, 5 respond high and 5 respond

low tone discrimination runs were administered simultaneously with 10 runs of

the tracking task. At the conclusion of each run, the subject was told his

tracking score and his tone error score. They were consistently encouraged to

strive for zero errors on the tone task and simultaneously, highest possible

scores on the tracking task. If a subject appeared to be responding slowly,he

was reminded that he must respond to the tone within 1.5 sec of tone onset.

Day 1 was concluded by removing electrodes (after recording terminal impedence

values), answering any questions the subject might have, and reminding the sub-

Ject of his day 2 appointment.

Day 2- Electrodes were attached as for day 1 and the carrier landing task was

demonstrated with an explanation of the cockpit instruments, the FOLS, and

simple strategies for performing the task (e.g., "Make frequent and small stick

corrections. Try to keep lined up on the center line of the carrier landing
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area.") Subjects were told that, of the cockpit instruments, the altimeter and

vertical speed indicator were the most critical. Low altimeter readings warned

of impencing splash, and the vertical speed indicator should be maintained be-

tween -500 and -1000 feet per minute for an ideal approach. They were further

told that maintenance of the proper heading was best accomplished by keeping

the carrier visually lined up "out the window" in the release-from-freeze rela-

tionship, since they were released from freeze with the ideal heading for a

straight-in approach. Subjects were reminded that they would hear the tones

from the tone discrimination task while they were flying the simulator, but

that they were not to respond to the tones on this day. Each subject was then

allowed to fly the simulator for 30 runs with a 10 min break after each session

of 10 runs. The subject was told his score after each run and the experimenter

provided simple advice (e.g., "You came in too high (or too low) that time.",

or "Don't forget to watch the meatball carefully as you get close to the

carrier.") to encourage better performance.

Day 3- This was identical to day 2 except thai subjects were told that they

must perform the carrier landing task and the tone discrimination task con-

currently. Again, 30 runs were administered with a 10 min break after each

session of 10. Within each session of 10 runs, there were 5 respond high and 5

respond low tone discrimination runs. After each run, subjects were told their

flight score as well as the number of errors on the tone discrimination task

for that run. As in the combined tracking and tone discrimination task, sub-

jects heard the reference tone before each flight.

General- Note that each of the three tasks have run durations of 2 min so when

the tone discrimination task is combined with either of the two visuomotor



tasks, the 24 tone trials are equally spaced in time (5 sec inter-tone

Interval) throughout the 2 min runs of the visuomotor tasks. Also, subjects

were given considerable feedback: Error scores on the tone task and

performance scores on the tracking and carrier landing tasks were reported to

the subject at the conclusion of each 2 min run. Subjects were consistently

encouraged to perform as well as possible on all tasks alone and in

combination.

III. Results: Among-subjects effects

Tracking and carrier landing task performance

Figures la and lb summarize the performance, averaged over the 6 subjects, on

the two visuomotor tasks when they were performed alone and in conjunction with

the tone discrimination task. Repeated measures ANOVA's were performed sepa-

rately for each of the four functions shown. As suggested by inspection of

Figure la, the runs effect was significant for the tracking task performed

alone (F(9,45) = 8.39, p < 0.001) which simply means that the tracking task was

characterized by a learning function of steep slope. When the tracking task

was combined with the tone discrimination task, the runs effect was not

significant (F(9,45)=1.41, p > 0.20) indicating that combining the tone task

with the tracking task did not produce performance decrements on the tracking

task.

Similar results were found for the data presented in Figure lb. There were 3

sessions of 10 runs each. The sessions effect was significant but did not

interact with runs. The sessions effect is redundant with the runs effect

since both reflect practice, so to simplify the figure, runs are averaged over
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sessions. As was the case with the tracking task, the carrier landing task was

characterized by a learning function of steep slope (runs for carrier alone

(F(9,45)=7.89. P < 0.001), and combining the tone task with the carrier landing

task did not produce performance decrements on the carrier landing task

(F(9,45)=1.15, p > 0.3). Another way to assess performance on the carrier

landing is to examine the percentage of successful landings, relative to other

ways in which the flight could terminate. These results are shown in Table 1.

Splashes and time-outs are combined since both represent the inability of the

subject to guide the aircraft to the carrier and thus represent the poorest

level of performance. Ramp strikes and crashes indicate that the subject did

manage to contact the carrier, but lacked the degree of control necessary to

successfully contact the landing area. Bolters occurred when the landing area

was contacted, but not within the limits necessary for a successful landing.

In this sense, a bolter is an indication of good performance relative to the

alternatives of splash, time-out, ramp strike, or crash. Considering first the

results for the carrier landing task alone (left half of Table 1), the per-

centage of splash and time-out decreased over sessions while the percentage of

bolters and landings increased. The increase, over sessions, of bolters and

landings combined was significant, F(2,5)=7.61, p < 0.05 as was the decrease in

splashes 3nd time-outs (F(2,5)=6.02, P < 0.05). When the car-ier task was com-

bined with the tune task (right half of Table 1), percentage of landings con-

tinued to increase so that approximately 50% of all flights during the last two

sessions terminated in a successful landing.

To summarize, both visuomotor tasks were characterized by rapid acquisition

functions, and performance on these tasks was not degraded by the addition of

the tone discrimination task. However, as shown in the following section, p-r-

formance on the tone discrimination task degraded sharply in the combined task
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TABLE 1

Percentage of flights terminated by the methods indicated. Left half of the

table shows the results for the carrier landing task performed alone, right

half, carrier task combined with tone task. Mean of 6 subjects.

Carrier Alone Carrier plus Tone Task

Session Session

1 2 3 1 2 3

Splash & Time-out 32 8 2 9 0 2

Ramp Strike & Crash 20 15 15 13 0 8

Bolter 37 58 57 43 50 38

Landing 11 19 26 35 50 52
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sessions. Apparently, subjects treated the tone discrimination task as low

priority in spite of instructions that both tasks should be performed equally

well.

Reaction times and errors for the tone discrimination task performed alone and

in combination with the two visuomotor tasks

Preliminary analyses showed that, as expected, neither RT's nor error rates

were affected by response set (respond high or respond low), thus the reported

results are averaged over this variable.

A repeated measures ANOVA was performed on RT scores with 3 levels of tasks

(tone discrimination task performed alone, tracking and tone tasks together,

and carrier landing and tone tasks performed together), 2 levels of tone dis-

crimination difficulty (easy versus hard), 2 levels of runs (first 5 runs and

last 5 runs), and 4 levels of trial blocks (each block was the average of 6

trials on which the subject was supposed to react with a voice response). Easy

tone discriminations involved the two tones furthest from the reference tone

frequency while hard discriminations involved the two tones closest to the

reference. All 4 main effects and none of the interactions were significant.

The mean RT to all tones was 607 msec for the tone discrimination task

performed alone, 765 msec for the tracking and tone task combined, and 872 msec

for the carrier landing task and the tone task combined (F(2,10)=39.71, p <

0.001). Mean RT was shorter for the easy discrimination than for the hard (702

msec versus 795 msec, F(1,5)=50.20, p < 0.001), and mean RT was longer on the

second set of runs than on the first set of runs (772 msec versus 725 msec,

F(1,5)=17.24, p < 0.01). Finally, mean RT increased over trial blocks (738
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729, 755 and 772 for blocks 1 through 4, respectively, F(3,15)=4.27, p <

0.025).

Figure 2a summarizes the results of this analysis. To simplify this figure,

the runs and easy-hard main effects have been averaged (since there were no

interactions this does not misrepresent the functions). It is clear from this

figure that the blocks effect, although statistically reliable, is not of

impressive magnitude. Recall, however, that subjects must respond within 1.5

see of tone onset, otherwise the trial would be scored as an error of omission.

Thus, the error analysis provides important additional information.
tj

An ANOVA identical to the one described above was performed on the error

scores, and the results are displayed in Figure 2b. All main effects excepting

runs were significant, and the task by blocks interaction was significant. In

agreement with the RT analysis, the main effect of task was significant

(F(2,10)=14.44, p < 0.002), the hard discrimination led to more errors than the

easy discrimination (F(1,5)=78.41, p < 0.001), and errors increased over trial

blocks (F(3,15)=4.28, p < 0.025). The significant task by blocks interaction

(F(6,30)=4.32, P < 0.005) reflects the fact that errors increased more as a

function of trial blocks for the carrier plus tone combination than for the

tracking plus tone combination or the tone discrimination task performed alone.

Subsequent tests (ANOVA's performed on pairs of tasks) confirmed the expecta-

tions gained from inspection of Figures 2a and 2b: RT's and errors were

greatest when the tone discrimination task was combined with the carrier land-

ing task, intermediate when the tone task was combined with the tracking task,

and least when the tone discrimination task was performed alone (all p's <

0.03).
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Figure 2a. Mean reaction time as a function of trial blocks for the tone

discrimination task performed alone and in combination with

each of the visuomotor tasks averaged over 6 subjects.
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Figure 2b. Mean errors as a function cf trial blocks for the tone discrimination

task performed alone and in combination with each of the

visuornotor tasks averagjed over 6 subjects.
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In the combined task sessions, RT's were longer on the second set of runs than

on the first set of runs, yet primary task performance was stable over runs for

the tracking task, and as shown in Table 1, performance continued to increase

for the carrier landing task. Thus, the RT results would suggest that workload

was increasing with practice, which is unlikely. What seems more probable is

that subjects were learning to accurately judge the 1.5 sec time interval

during which the RT must be made to avoid an error and also learning that there

was no negative reinforcement for long RT's, provided that the RT was less than

1.5 sec. In short, they could treat the secondary task as low priority without

reprimand.

The trial blocks effects were particularly interesting since they paralleled

the workload gradient over trials which differed for the three tasks. That is,

the tone task did not vary in workload as a function, of trials since the

subject simply heard a tone every 5 sec and had to judge its pitch. However,

workload on the tracking task would be expected to increase as a function of

trials since the subject could see the number of laps completed and the time

remaining, thus subjects would be expected to work harder toward the ends of

runs in order to increase their score on the tracking task. Finally, the

carrier landing task was very clearly graded in workload as a function of

trials; the closer the subject flew to the carrier, the more critical became

his processing of the visual display and his stick movements. Indeed, some of

our subjects volunteered their opinions that they "simply did not hear the

tone" during the last 30 sec of the flight because they were concentrating so

much on the final approach to landing. The last 30 sec would correspond to

trial block 4 in Figure 2b when errors were highest.
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To summarize, when performed alone, the tone discrimination task was character-

ized by short RT's and low error rates. Errors and RT's increased when the

tone task was combined with the tracking task and increased even more when the

tone task was combined with the carrier landing task. Within tasks, errors on

the tone task increased toward the end of each 2-min run of the visuomotor

task, and this effect was pronounced in the carrier landing task as the subject

approached the carrier landing area (final approach to landing). Generally,

then, RT's and errors on the secondary task increased with increasing primary

task demands, as might be expected. One anomalous result was that performance

on the tone task became worse as a function of practice on the visuomotor

tasks. This is the reverse of what would be expected since practice led to

increased mastery and therefore, presumably lower workload. Apparently, with

practice, subjects lowered the priority of the tone task in violation of the

experimenters' instructions.

Inter-beat interval

Gross body movements would occasionally cause the software trigger to miss an

R-wave or mistakenly trigger on the following T-wave, therefore IBI's less than

400 msec or greater than 1500 msec were discarded. Also, preliminary analyses

showed that IBI's were not affected by response set (respond high or respond

low), thus the data were averaged over this variable.

The IBI's as functions of days and trial blocks are presented in Figures 3a,

3b, and 3c averaged over the 6 subjects. Repeated measures ANOVA's revealed

that, on day 1, the only significant effect was the tasks by blocks interaction

(F(10,50) = 3.68, p < 0.001). Inspection of Figure 3a indicates that this

effect is due to the fact that IBI's changed very little over blocks during


